The history of the development of techniques for determining equivalent rock mass permeability from discrete fracture data is reviewed. These techniques began with conceptual models which considered all fractures to be infinitely long. Because fractures are in fact finite, the equivalent permeability tensor computed by this approximation may not be applicable. Recent studies of the definition of an equivalent permeability tensor for networks of fractures with finite lengths are reviewed, and field techniques which show promise for obtaining in situ measurements of fracture length are presented.
Introduction
Transport by moving groundwater is the most likely means of escape for nuclear waste from a repository. Groundwater flux is determined by the permeability of the rock and by the gradient. For the purposes of this paper, we will emphasize determination of equivalent porous medium permeability of large rock masses, specifically as related to fractured crystalline rock. Perme 
where: q. = discharge vector per unit width of L2/T conduit 6. = kronecker delta 1) n.n= direction cosines of normal to 1 These results range over six orders of magnitude and demonstrate the extreme degree of heterogeneity which can arise in permeability measurements on the scale of a 2 meter test interval.
The high conductivity test intervals in Figure 4 reflect the presence of a few relatively large aperture fractures among many smaller fractures. Given the orders of magnitude difference in permeability observed in the data, the presence of only one large aperture fracture in a sample can significantly change the computed state. By monitoring the moisture content of the incoming and outgoing air, the total seepage rate into the tunnel could be obtained. Water pressures were measured concurrently within the rock surrounding the drift. Pressures were monitored in a three-dimensional array of 15 boreholes, ten of which were radial and five extended off the end of the drift. Packers were used to isolate six monitored zones within each borehole at distances ranging from 5 m to 40 m from the walls of the drift. Water pressure was measured in each zone by dial gauges mounted outside the drift. Each experiment was allowed to continue until both the groundwater seepage and pressure approached equilibrium.
An example of water pressure data from the macropermeability experiment is presented in Figure 6 . This figure shows a semi log plot of hydraulic head versus distance from the axis of the drift as measured in the radial boreholes. In theory, a plot of this type should yield a straight line for radial flow in a homogeneous, isotropic porous medium. The data from several of the individual boreholes and the weighted average results of all radial boreholes yielded surprisingly good straight lines. The weighted average hydraulic conductivity of the rock surrounding the drift was computed to be 1.0 x 10-8 cm/s, which was in reasonable agreement with the average equivalent hydraulic conductivities obtained from small scale tests in the surface boreholes. Additional information about the macropermeability experiment is presented by Nelson and Wilson.4
Conclusions from the Stripa Work. Although data analysis of the Stripa results has not been completed, the general approach of approximating large scale behavior through the integration of the results of large numbers of small scale tests looks promising. Increased confidence in the method must be gained through application at other sites, together with further refinements in methodology. For example, the macropermeability test has demonstrated that large scale tests can be designed to directly measure equivalent porous medium properties in an inherently discontinuous rock mass, but it was not clearly demonstrated Could the existence of a potentially high permeability zone such as that mentioned above have been predicted based on the previously gathered data at Stripa? If it were assumed that the existing data base had included the complete range of possible hydraulic behavior, the answer would be negative. However, if the closely spaced data were used to generate probability density functions for the geometric parameters of fractures, extrapolation of these functions could be used to anticipate the occurrence of fractures that were not observed in the sample.
An example of the statistical treatment of data is presented in Figure 7 . This figure shows a log normal probability plot of apertures from borehole SBH-2 at the Stripa Test Station. These apertures were computed by assuming that test results were governed by the largest fracture in each 2 m test interval. The The probability density functions which are currently thought to best represent the parameters of fracture length (or area in three dimensions), fracture spacing, and fracture aperture, are shown on Figure 8 . These are all very strongly skewed distributior , implying that many fractures exist with small lengths, spacing and apertures, but that very few exist with large values of these parameters. It is these less common, larger fractures which pose the greatest threat to geologic containment of nuclear waste.
Rock Mass Behavior for Fractures of Finite Length
Application of a stochastic approach to determining the permeability of a rock mass with fractures of finite length might be done in the following way. Statistically representative samples of the geometric parameters of the fracture system would be taken at a field site and the probability density functions for the parameters determined. The density functions could then be used in a controlled sampling scheme to create synthetic fracture networks that represent the range of possible behavior of the rock mass. This study would emphasize the role of large fractures that may not have been sampled, but might be present in the rock mass. Figure 9 shows how a statistically representative model of the fracture system is being studied in two dimensions at LBL.6 The process begins with the generation of separate random centers for each set of fractures within a two-dimensional area. The number of random centers will govern the density of fractures for each set. A fracture is then located through each center, and an orientation is assigned by randomly sampling from the statistical distribution of orientations for the particular set. Each fracture is then assigned a length from a statistical distribution of fracture lengths. Apertures are then assigned in a similar fashion. The groups of fractures generated for each individual set are then superposed and the result is a fracture network which has the same statistical properties as the fracture system measured in the field. An important advantage of this approach is that the artificially generated system may contain fracture sizes that were not observed in the field.
Artificially generated fracture systems can be used to investigate the range of behavior which might be expected from the rock mass, and are particularly valuable for identifying the likely characteristics of a representative elementary volume (REV) for the rock. The REV is the minimum volume of rock which contains a representative sample of heterogeneities. If an REV can be identified which exhibits continuum behavior, then it may be possible to accurately use a porous medium model which averages the contributions of all the fractures and treats the rock mass as a continuum.
An example of how artificially generated fracture systems can be used to identify an REV is shown in Figure 10 . In SET corner of that figure is shown a numerically generated fracture system. This system consists of two sets of fractures with mean orientations at right angles to one another and identical apertures in all fractures. This type of fracture system was chosen for this example because the correct equivalent porous medium permeability "ellipse" will be a circle. The REV for a given density of fractures is identified by sequentially testing larger and larger volumes until there is no change in the size or shape of the "ellipse." The fracture network can be approximated by a continuum when the plot assumes an elliptical, or in this case, a circular shape. The size of the study area is 100 x 100 units. Sample sizes commence with a 6 x 6 area in the upper portion of Figure 10 , and culminate with a 64 x 64 area in the lower right corner. The permeability "ellipsoids" are very irregular for the smaller sample volumes, but gradually assume a more regular shape for the larger volumes and approach the expected circular shape in the 1arqest volume.
The example in Figure 10 
